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CHAPTER [ 


Summary 


ee oe 


A. Odiject 

The object of this investigstion was to 
experimentally determine the neaer and rate of mixing 
along the boundaries of two apna parallel flow streams, 


and to compare the experimental values of the inner and outer 


jet boundaries with theoretical deductions. 


B. ~ Method 

A ten percent mixture of hydrogen in e@ir wes 
injected co-axially into a three inch tube in which the 
velocity was 0.415 times that in the hydrogen mixture. 
At various points downstream from the point of mixing, 
traverses were made, and samples of mixture drawn off at 
intervals of 0.1 inch across the three inch tube. Hydrogen 
concentrations of each sample were measured by means of A 
calibrated thermo-conductivity cell. Velocities were 


measured by pitot tube. 


C. Results 
The principal results are shcwn as curves in 
Figures €& to 24. These results are then compared to the 


only theoretical results available, those of Squire snd 
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ons ond +a See ceticnus 


The metnyl used in this jnavestigaticon was 
ecourate and repid. 
a, The tlerme-conductivity cell offersueh 
Pegmrate m@ers Of mageuring small concentwetions of one 
Gas ‘n sncther where ti.er2 is an apprecible ditferrnee 
Mewewecn the tieocmgol sccnacduct Wities of tne two waiges. 
3) For the conditions of this experiment, mix’ng 
w2s slmcst complete hy the time the mixture had reeched 
a distance of 61 diamoters of the small tube from the point 
of mLxINZ. 
4) For Sections near the point of mixing, and 
if wall effects are not present, velocity and ccncentration 
profiles are similar if plotted cn a dimensionless besis. 
5) For the conditions of tnis experiment, for 
= 0.415 the outer boundary of the mixing region is a 
straight line of slope 49-- 44°, 
6) Mixtne alonz both oiter and inner boundsries 
of the mixing region is extremely rapid until eae distance 
~or ec diameters from the point of mixing is reached. From 
22 diameters downstream, mixing is slower, and almost at 
@& constant rate for 4&1 radil. 


7) It ts reecmmended that the experiment be 


repeated for vagwious values of the velccity ratio, F 
7 _ - ; 
with turbulence premot 
—— , 2 ~ : 
_ 

















CHAPTER IT 


Introduction 


Turbulent, or eddy diffusion,1e the process of 
mixing by which msss transfer is effected in a turbulent 
fluid stream. Towle snd Sherwood (2) heve defined the 
eddy conductivity coefficient in a turbulent 5 htece 
at points greater than fifty dlameters from the point 
of mixing. Little experimental work seems to have been 
undertaken, however, to determine the rate or method of 
mixing at points close to the mixing junction of two 
turbulent streams. Squire and Trouncer (3) have 
investigsted, theoretically, the flow in a round jet 
Issuing from an orifice eee Wine direction @5 @ genera 
external stream, and a comparison between their theoretical 
jet boundaries and the boundaries obtained expainenie uae 
by this work is given. he authors, also, attempted to 
determine the velocity 3nd mass transfer profiles at 
various points near the point of mixing of two turbulent 
streams, and to compere these profiles in a qualitative 
and quantitative menner. 

Oelhetm end Thacher (1) demonstrated the practicality 
or using twe thermc-conductivityv cells to determine ccn- 
centrations of hrdrogen in air. This method seemed to he 


eminentliv feasible for use in quickly and: essily finding 





Revoerogen Mtntenmtration® st veri@ug points’ in fhitc stream, 

and was adopted, therefore, for this use. It was necessary 

to set up and calibrate two thermo conductivity cells before 
mere cruel wonke of measuring rate of turbulent mixing 

could begin. 

The testing prcecedure was as follows: A turbulent 
mixture of ten percent hydrogen in air was introduced 
co-axially through a one Inch pipe into a three inch 
pipe. The chews Lame hi pine contained pure air flowing at 
about one-half the velocity of the hydrogen-air mixture 
in the one inch pipe. At various distances frcem the point 
of mixture ranging from one-halr the diameter of the 
small pipe to sixty-cne times the diaineter of the:small 
pipe, hydrogen concentration and velocity traverses were 
made. 

Tne authors believe an investigation of this type 
will be valuable in determining mixing lengths, jet 
boundaries of mixing regions, and massa transfer profiles 
for use in designing combustion chambers for rockets and 
gas turbines, or for any other mechanism where soms 
knowledge of the relationship tetween velocity distribution 


and mess transfer profiles {ts necessary. 








CHAPTER III 


Description of Concentration Measuring Apparetus 


Pased on experimental work done in reference (1) it 
wes initially decided to use the thermal conductivity 
cell as a method of measuring the volumetric concentration 
ea one gas in 8 mnimunwe Weth a second gas. A study of 
the thermal ste ee ae factors for various gases showed 
that hydrogen had the greatest factor of advantege over 
Sir of any available gas, and since air had to be used 
as the reference gas, it was decided to use hydrogen AS 
the mixing gas. 

At 32°F. the thermal conductivity factor of hydrogen 
js .100 BTU/hr. (sq. ft.) (deg. F. per ft.) while that 
of air is .014. At 212°F, k. for hydrogen is .129 while 
.0183 for air. This gives a conductance factor of 
advantage to hydrogen over sir varying from 7.15 at 32°F, 
to 7.05 at 212°F. By choosing a constant tempgrature 
of 82.5 F, at which to maintain the medium ae eee 
the cells this factor of advantage was mainteined constant 
at a value of approximately 7.12 during the calibrations 
of the cell and the actual testing. 

Two Leeds and Northrup thermal conductivity cells 


#Std.32384-F were used, one to hold a sample of air at 


room temperature (this cell to be hereafter referred to as 











meric AL CIRCUIT - CONCENTRATION MEASURING 








the standard cell) and the other to hold a sample of the 
gas mixture which was to be tested (hereafter referred 

to as the test cell). The standard and test cells formed 
the two arms of a Wheatstone’ bridge; the other two arms 
being (1) a resistance of 1000.9 ohms and (2) a variable 
decade box resistence in series with a variable l Ses 
maximum resistance. (See Figure 1.) A sample of room 
air was taken into the standard cell, and then a sample 
of the mixture into the test cell. By balancing the 
bridge, through which a current of 250 milliamperes is 
flowing, the apparent resistance of the test cell with 
respect to the standard cell can be obtained. Varying 
the percentage concentration of hydrogen in the test cell 
(the standard cell sample remaining constant) will cause 
this resistance ratio to vary, since the greater the 
hydrogen concentration in the test cell the greater the 
conductance of heat away from the wire in the cell, the 
less the temperature of this wire, and the less its 
resistance. 

To start with, samples of room air were taken into 
both cells; and the resistance of the variable arm of the 
bridge was measured by balancing the bridge. This resistance 
value was used as 6 reference. Next, known volumetric 
concentrations of hydrogen in air were put successively in 


the test cell, the original sample of rcom air remaining 


in the stendard cell. A plot of the resistance reading 
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FIGURE 2 











for each Sample minus the reference reading Ve. percentage 
concentration of hydrogen was nade. This calibretion 

plot was later used to measure the hydrogen concentration 
across the traverse in the eddy mixing apparatus. 

Pigure 2 is 4a dierrematic®™gretch of the entire 
concentration meesuring appsratus. Ag is seen, 8 battery 
source was used to provide 250 milliamps. This current 
was maintained constent by varying the pérallelecd variable 
resistors 2792 and 1231. By the use of the 750 millie- 
meter #4OQ6O1 the current coulé be set to within 0.5 
milliamps of the desired value, Resistor #3754 was set 
et a measured velue of 1000.9 ohms, and resistor #3757 in 
series with a 0.1 ohm step variable resistor #173 was 
used to balance the bridge. A 4x 10 amp/mn., Galvanometer, 
psralleled ty an Aryton shent would permit resistance 
readings to 0.01 ohm but it was never deemed necessary 
to measure resistances cleser than to 0.1 ohm since tnis 
resistance would detect 2 0.01% hydrcgen cuncentration in 
air. Closer work than this was not necessary. 


Pg 


The twe thermal conductivity cells were immnorsed tn 
& constant temperature water bath which was maintsined 
within 0.2°C of the datum used (280°C). Vaetylag cr cae 
water temperature through 0.2 C did not seem to change 
the resistance readings within the 0.1 ohm allowactle. A 


heating element was used to maintain the bath tempereture, 


ana a motor driven stirrer Kept the water circuleting pmasé 














Che celis. The mptor was stopped just before taking a 
reading as it was felt that the natural weter circulation 
would be more uniform around the cells than induced cir- 
culation. 

The gas sample to be messured was’ sucked into the 
Peet eel! and the cell cloméd @aring@ reading. We flow 
im the side tube was permitted during this time. Before 
anew sample wes brought into the test cell the old 
semple was evacuated with & vacuum pump which could 
maintsin less than 1" Hg. Since two suctions were always 
taken in an evacuetion (suction on the old sample, cell 
filled with new sample, suction on new sample, cell again 
refilled with new sample) the effect of the remaining 
Bitton of the old sample in the cell would be negligible. 
1/900 part of the old sample is al] that could remain. 
since we were cperating with concentrations of 10% and 
hess of hydroger in air, the maximum error would be about 
0.01% hydrogen or 0.1 ohm resistance reading. This was 


considered slilowable. 
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7 CHPTERR TV 


Pee pet On Of Tieermg@) Comadictialtiv Celi. Appsretus 





The calibraiton of the thermat commuctiVity cell 
apreratus to plot ae surve of hydrogén vo.umetric con- 
eentration in the gas mixture versus wuriable resistance 


eading on the arm of the Whentsatone bridge was conducted 


es 


es fToliows in a constant tempereture roon: 


ad 
¢ 


Glasa turing @nd bulbs were set up 3s shown 


i remire 3. 


ie) 


; Pwipes -, [£, and Til apd all conmecting tau me 
were filled with He. by raising the level of thse thgee 
Meecury Containers. 
\) 

df 


Bs fF flexible connecticn was made to a hydroge: 


bottie througn 9 differential valve which would lewer the 


gas pressure “rom 230C psi to a few lds. gage. Hydrogen 
Wes tnen oleim throuskh the cenmection to blowout any 
trepped alr. 

u, The flex'tbic ccnmection was etterched to port #71 
of valve "A." Valves ‘A, "“R,' ané “C” were get to provide 
& clear passage from por> Fl toa noe #5 and nydrogen wss 
tiown through th. "S pesSce to cl@ar out emy sir which migngu 
have remsined trapped in the ccnnecticns. 

DG Vaive "A''iset so that hydrogen flowed into por, 


#3 under a slight pressure which was meintetned by keeping 


ps 
Bal 


+ 











itt uyeddy Notly yw aGlliv 2 











mmentevel of He. ~@m D" above thmt im "I." “TheeHg. in 
"I" was pushed down te e seribe mark in the cap! llary 
tubing as shown in the sketch, Stop "G" and valve ‘A’ 


were closed and the hydrvgen allowed tc sit in bulb ‘I 













until terperature equilibrium wes reached with the cooling 
weter in the jacket surrounding tne bulb. 

6. The hydrogen connection was disconnected fro 
valve “A.” 

7. Atmcspheric pressure was obtained in bulb ‘I’ 
by opening valve ‘A’ to stmosphere ard #llowing hydrogen 
to escape until pressure equiltbrium reached. 

8. Valves "A" and "B" ere set so that passage between 
ports #3 ard #6 results. By manipulsting the heights of 
the Hz. in bulbs "D" snd 'E" the hydrogen sample was pushed 
into bulb "II," desplecing the He. 

9. Velve “B" closed end a sample cf room air texen 
into bulb "I" through valve "A" by lowering level cf bulb 
'D" until air reached scribe mark. Valve "G closed and 
tine 2° Yr sample zllcwed to reach temperature egu:librium 
with the jecset water. 

mol 24) Samp 2 ext: pushed inte dulb "II" by procedurs 
is in step 8. 

ll. Atr and hydrogen samples mixed thoroughly by 
passing the mixture from bulb ‘II" to bulb ‘III" end back 


for three cycles. Finally, a 50% hydrogen-air mixture was 


obtained in bulb ‘III" ready for sampling. 


bles: 











12. Samples of room air were drawn into the standerd 
and test thermal conductivity cells end a “zero roending 
obtained of the veriable resistance arm of the wWnerlstcne 
bridge. The air sample from the test c2ll was complet @ly 
evacuatea and 2 sample of the 50% cencentrsation pushed 
-nto the test ceil for a reading. Two such samples could 
be obtained for each percentage concentration. 

i355 Half cf the above 5C% sanple was then pushed 
pack into bulb "I" end the rest of the appsratus. filled 
with mercury. Step 8 was vepeeted with this sample. 

Step 9 repeated with e new air sample. Steps 10 and ll 
repeated with the resultant ¢5% sample finally available 
tn bulb "III1."” Half of this sample was agein used for 
tests in the celle. 

L4, Py similar procedure, test samples were made 
available in concentrations varying from 50% hydrogen-air 


to 0.01% hydrogen-air. 
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° CHAPTFR V 


Results of Thermal Conductivity Cell Calibration 





By using the method of obtaining known hydrogen-air 
concentration samples as outlined in Chapter IV and by 
using these samples in the thermal conductivity test . 
cell with an air sample in the standerd cell, it was 
possible to obtain resistance readings of the variable 
arm of the Wheatstone bridge. The resistance reading 
obtained thusly was subbracted from the "zero resding’™ 
of the concentration measuring apparatus when air samples 
were placcd in both cells, and this delta R reading was 
plotted against the percentage nydvpmameeir concentration. 
Four calibration runs were made and plotted, (data and 
graphs included as sheet "I" and graph Figures 4,5,6.) 

The average error of resistance readings between mm of 

the same concentration was 0.2! ohms, whith is approximately 
0.03% hydrogen. Since a mixture of 10.0% hydrogen was 

used in the central stream of the mixing apparatus, tnis 
possible error in the calibration would not be tio excessive. 
The sensitivity of the cell in detecting, although not be 
able to consistently and accurately measure, 2 0.01% 
hydrogen concentration gives promise of using this devise 
for more accurate work than wes considered necessary here. 

Several factors were noticed which in‘luenced the 


bridge resistance readings, and these factors were minimized 


An, 











&s Stig od below. 
(a) Bath temperature affected ‘zero reading. Tnis 
was minimized by maintaining tne bath constant within 6. 
(b) Varying the inclinztion of the cells affected 


"zero." Cells were clamped in place. 

(c) Varying neignt of water bath and agitaticn of 
water varied zero. Water bath he’ght mainteined constant. 
Water stirred mechanically until about # half minute before 
reading when the stirrer was stopped and the water allowed 
to flow pest the cells by natural inertia of flow. | 

(ad) <Any portion of en old sample that remeined in 
the test cell would affect the reading of the new sample. 
This was minimized by taking a double suction on the old 
sample (cld sample evacuated, new sample drswn in and 
evecuated before a reading A ae Tnis factor may have 
been responsible for part of the error 4s mentioned in 
the above discussion. 

(e) Impurity of the original hydrogen. This was 
stated by the supplier to be less than .01%. 

(f) Incorrect measurement of air and hydrogen 
samples in 200 cc bulb "I" of Figure 3. This was nullified 
by using the scribe mark in the capillary tubing as the 
reference for measuring the volume of each of the constituent 
gases. | 


(gz) Impurlties of COo and Hg in the air. Since 


samples of the same air were used in both cells for the 
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"“gero reading this will practically nullify any error 
which might result from normal changes in the impurities 
in the alr from day to day. (The hydrogen concentration, 


delte R plot is of almost constant slope throughout its 


lower region.) 
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CHAPTER VI 


Description of Appsretus and Frocedure 


The apparatus for conduction of the test runs of 
this thesis is shown in Figure 7, A three inch brass 
pipe, 180 inches in length is 80 arranged that a suction 
can be taken on it by the Spencer turbine. It is equipped 
with taps at various staticns elong its length where & 
micrometer treversing mechanisin méey be screwed into it. 
When the traversing mechanism {g not inserted in 4 tap 
hole, a brass plug, machined to fit the inner contour oF 
the three inch pipe, is inserted. At the end of the 
tnree inch pipe nearest the spencer turbine a sharp edged 
arifice meter #6 fitted in order to messure total flow. 

At ite open end the threes {inch pipe is fitted with 4 forged 
bellr uth in order tc allow the eir stream to enter with 
the least possible resistance. 

A one inch pipe is inserted axially end concentricelly 
with the three inch pipe at the latter's belled end. The 
one inch pipe is centerrd in the three inch by means of 
a bakelite centering piece, lev2lead by spirit level to 
put both pipes in the same horizonte2l plane, and placed 
in the 8ame vertic31 plane by @ plumb bob arrangement. 
Vertical alignment is checked by a velocity traverse 2) 
determine that the upper and lower velocity profiles are 


symmetrical. The end of the one inch pipe is tapered to 


ral 

















@ sharp point so that there will be as littie tnterferance, 
duc Is wall thickness, aS possible at the juncture cr the 
two atreams. A Chicago air compressor supply_ng 2 oank 

of rece!lvers furnishes the air for the one inch pipe. 

The mass flow from ithe receivers to the one inch pipe is 
regulated by maintaining a constent predetermined pressure 
above a rounded entrance ortfice by means of a biced orf 
valve on the receiver line. Hydrogen its introduced 
through eae ccnstant pressure valve on a manifold connecting 
six standard hydrogen bottles simultaneously. It is 
oe through a thin plate sharp e@ged orifice and 
introduced intc the one inch lame tyenty fleet end tao 
ninety degree angles from the nie pean... 

The traversing mechanism is eae No, 18 hypodermic 
needle cut to a length of 1 3/15 inches and mounted at 
right angles to a 1/8 inch copper tube. The COppeT "ae ae 
is mounted in 4@ micrometer wh‘'ch may be screwed intc any 
of the tap holes. By this meens the hypodermic sampling 
needle's positicn can be established within .O00O1 inch 
tiene thece time Tube . 

To meke a treversing run, the Chicazo sir compresscr 
was started, the Spencer turbine started, and flow in the 
two pipes edjusted until the max‘mum velocity in the ene 
inch pipe was 176 ft/sec end the maximum velocity in the 


three inch annulus was 74 ft/sec. These velocities are 


equivalent to Reynolds numters cf 79,100 tn the one inch 
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Pomrene 207 ,000 in the tnree inch at thet point of mixing. 
fommeron was introducéd into tne one inch pipe untLll 
8 concentretion cf about ten percent was obtained. With 
the traversing riechanism inserted in the hole tn question 
end connected sc that the nypcederm ic needle was pointing 
directly upstream, 2 high vacuum was produced in the 
thermo conductivity test cell and in the tubing connecting 
mmbo tne ttrpocjdermic needle. When e.™uiticiently hign 
vacuum hed océen reached, the velve connecting the hypodermic 
needle to tne test cell was opened and a sample taken into 
the test ceil. <A sample of room air similar to thet suppliea 
to the bellmouth of the three inch pipe was introduced 
into the stendard thermo conductivity cell and a resistance 
reading for belance in the Wheatstone bridge was teken. 
Usually this procedure was repeated several times at each 
point in the traverse to obviste any errors due to residue 
gases from the previous sample remaining in the test cell. 
After the hydrogen concentration had been obtainea 
in this manner, the velocity head at the point in question 
was found by connecting the hypodermic needle to a@ menometer, 
the other side of which was connected to a‘standard pressure 
tep in-the base of the micrometer mechanism within the tube. 
Treverses wero thus made across a diameter of the 
three inch pipe taking reedings at each 0.1 inch. 
Hydrogen ccntent of the one inch gas streem was 


maintained constant by taking several samples from the one 








inch pipe at various times during the traversing run. At 


&ll1 times the veriation of hydrogen in the one inch stre2n 


was well within the limits of accuracy of the experiment. 














. CHAPTFR VII 


Results 


Table ITI shows the ole ceo results of a represent- 
ative traverse. Table II indicates the distance from che 
mixing point to the various traverses. Ali other resuats 
are presented in the form of curves shown !n Figures 8 
to 24. 

Figures 8 and 9 are indications of hydrogen con- 
centrations in percent versus diameter at ‘ieeeeeeees 
holes A through L. Figures 10, ll and ie show velocity 
profiles of point velocities versus diameters for the same 
traverses 28 above. Figures 13 through 21 are plots of 
velocity and concentration profiles on a dimensionless 
basis where the ratio zo *g the ratio of concentration 

t 
st the point in question to the maximum concentration at 
that traverse and V = Va ig the velocity at any point 


Vio 
minus the base velocity for the three inch pipe divided 





by the maximum velocity for the traverse in question 
minus the base velocity. These velocities are shown in 
the accompanying sketch 7d. Wherever bese velocity was 
indeterminable, lt was assumed to be 74 ft/sec. 

Figure 22 is a series of contour curves of constant 
hydrogen concentration obtained by draw'ng cross curves 
from Figures 8 and 9. .For example, all points between the 


~ 


26 








5 and 6 percent curves will have a hydrogen content of 
less Mer. 6 percent, bul g@raeter than 5 percent. 

Figure 73 ‘s a plot of hydrcegen concentrations versus 
distance from mixing point for constant radil. By extra- 
BOLeting there curves, iq ¥as possible to obt2in date for 
Figure 24, which cutlines the boundartes of the et wnere 


the nydrogen is & maximum and the hydrogen is zero. That 


and ~ vs X . The resulting curves #re compared 
@ 


to the theoretical values obtained from the anslysis of 


Squire and Trouncer (3). 
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CHAP iG Vill 


Discussion of Results 


The hydrogen concentration profiles, Figures 8 and 
9, indicate that under the conditions specified for 
these tests in Chapter VI: 

lj eefedefini te omecettieion Simi exists tor each 
traverse, rather than @& Flat profile across the center of 
the traverse. 

2) For treverses nezr the mixing point, the sides 
sy the profiles are slmost perfectiy straight lines. 

3) At distances creater than ten diameters of 
the sinall jet from the mixing point, definite shoulders 
exist in the profiles in the, outer mixing region. This 
may be explained by wall interference with the mixing : 
process. There seems to be a definite qualitative correletion 
between these shoulders on the concentration profiles, and Ne 
those on the velocity profiies. 

4) At e distance of approximetely 6C diameters 
of the initiel jet, the mixing has reeched ae quasi-steedy 
state for which the concentration profiles at ail sections 
are similar. That is, mixing is relatively complete. 

S) At intermediate distances from the mixing 
point, i.¢é., holes H, J andeH Ghée comeeéntratton@pror ic 


was so distorted by local turbulence that true symmetry about 


AS 











: 





the exis was lost. 

The velocity profiles, Figures 10, 11, and 12, indicate 
mae.t : 

1) A definite base velocity exists in the 
annulus outside the ccre of mixture ejected from the small 
pipe. This velocity was assumed to be 74 ft/sec. 

2) At distances up to 6 diameters from the 
mixing point, the velocity profiles, lixe the coOnmentreraon 
profiles, have almost perfectiy straight sides. 

3) At points greater than 6 diameters, shoulders 
aimilar to those on the concentration proflles appear 
on the velocity profiles. 

4) By the time hole J is reached, at 39 diameters, 
the variation of the maximum velocity to the mean velocity 
is reughly 7.5%. 

When the hydrogen concentrations end velocities are 
plotted on a dimensionless basis 3s in Figures Pier, 
indications are tnat:? 

1) The two profiles ere qualitatively similar 
within the mixing region where wall effect ts not evidenced. 
Quantitatively, the velocity profiles e@lways lie somewhst 
inside the ee profiles. This may be explained 
by the fact that when the mixture leaves the small pipe, 
there is already a well developed velocity profile present, 
whereas the concentration profile is perfectly flat That 


is, in the boundary regions very near the walls of the one 
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inch pipe the velocity is much less than the meximum 
velocity, but the hydrogen content !8s equa! to the max'mum 
due to the fact that there are two 90 degree bends and 

20 feet of pipe between the entrance of the hydrogen and 

the exit of the mixture. It is believed that this definitely 
insured perfect mixing in the small pipe. i 

2) At distances greater than 2) diameters, there 
is little similarity between the dimensionless profiles. 

This is probably due to: (s) The interference of the walls, 
(b) The assumption of 74 ft/sec as 4 base velocity for 
comparison purposes when no definite velocity plateau 
existed which assumption may not be valid, (c) The fact 
that the velocity ratio is so sensitive to slight errors 

in en data since it 1s proportional to two values 
relatively near each other. 

3) From the above plots, it is believed indiceted 
thet for traverses near the point of mixing, and if wall 
effect is not present, the velocity profiles and cconcentrat=- 
ion prefiiles sare gimilar. 

A cross plot of hydrogen concentration curves, Figure sae 
indicates thet: 

1) The surfaces of constant hydrogen concentration 
are fair. 

2) The inner core boundary, if it were to follow 
the same contours 4s for points of lesser concentration, 


e.g., 8 percent, ss it would logically be expected to do, 
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498 © curvea surface of small radius of curveture as shown 


. 
in Figure 2!, rather then one of lerge radius of curvature 





as deduced in the theoretical discusston of Squire ana 


Trouncer (3). 


¢ 


) Sinee I percent curves spproéch a straight 


Lad 


line, it is reascneble to suppose thet the outer vboundsry 
of the mixing region, that is, the C percent hycrogen 
curve, is a straight line, ¢s shown oy F.gure 1 hie 


agrees closely witn the derived results of Squire and 





















Mrouneer . 


eee 1.6 a of tue small pipe, the 
concentration has been reduced to one-hslf the original 
concentration along the exis. 

5) At all points past 48 diameters, mixing is 
completed withtn 3 percent. 

Figure 23, a plot cf hydrogen concentrations versus 

mixing distance for constant radii, indicetes that: 

1) Within the primery core, the mixing rete ‘s 
a constant up tc 20 dismeters, efter which tne rate decreases 
for a space cf approximately 3 diemeters, to 4 new, and 

/ 

almost constant rete over the remeinder of the mixing renge. 

2) Mixing along both outer end inner boundaries 
ig extremely repid until apprceximately ee diameters of the 
inner pipe, from which point 1t becomes comparatively slow, 
and almost constant for all radii. This is born out in 


Figure 22 by the close spacing of the contour linge was. 
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ey fl (Gostete after which they are widely Spsced. 

Figure 24, ea dimensionless plot of the jet boundaries, 
was obteined by extrapolating the curves of Figure 23 
to zero and ten percent hydrogen. The theoretical results 
of Squire and Trouncer (3) were obtained by a graphical 
interpolation of Figure 3, reference 3, for x» equals 
0.415, and plotted on the same coordinates, thus obteining 
the only check possible for the experimental results of 
this thesis: These curves show that: 

1) The theoretical and experimental slopes of 
the outer boundsry check within less than 2 percent. The 
experimental value of the average slope of the outer 
boundery of the cone of spread is 4° 44', The theoretical 
value of Squire and Trouncer is 4° 49'., 

2) The outer boundary es determined experimentally 
is displaced from the theoretical one in an axial direction. 
This is undoubtedly due to the effect of the finite thick- 
ness of the walls of the small pipe at the point of mixing. 
These walls are tapered inward on the outer surface of the 
pipe, thus giving an inward radial momentum to the outer 
stream just before the point of mixing is reached. This 
momentum must be overcome before the inner jet can actually 
begin to expand radially in the manner expected. The 
axial displacement may also be partially explained by the 
velocity profiles developed in both the inner and outer 


streams just before they reach the mixing point, wherees Jn ~- 






















tne theoretical anelvsis, a straight velocity promake 
is 4ssumeda. 
3) Ag mentioned above, the inner boundary of | 
the jet deduced by Squire and Trouncer does not agree 
with experimental results. Th.is may be awe to the face 
thet the experimental boundary wés obtained by extrapolation, 
and only a Yew points could be cbtained. However, since 
other results plotted in Figure 22 and mentloned above 
would alsc indicate a boundary similar to thet shown &s3 


experimental results in Figure e4, it is considered likely 





that these, results are correct for the conditions of this 


experimont. 





CHART BR IX 
Conc lug i ang ; 
The principal conciusicns o7 this : a eles oe 

i) Mixtng hss reached a quesi-steady state 
by the time the stream has traveled 61 diameters of the 
amaill pipe frem the point of mixing. 

2) For sections near the point of mi xime@y amd 
if wall effect is not present, velocity profiles and 
concentration prcfiles are similar if plotted on a 
dimensionless basis. 


3) The outer bounisry of the mixing region is 


e straight line of slope 4°-44' for the velocity ratio 


A= 0.415, 
4) The inner boundery is the surface of 
TeEvoiu sen of & curve of somparatively simeam radius of 
Curvature. 
5) Mixing slong both outer and inner boundarie 
= 
is extremely rapid until abcut 22 diameters from the mize 
ing point, where it becomes comparatively slov, and alm 
Copetant. for ell: radii. 
6) The thermo-ccnductivity cell is an extrem: 


accurate and sensitive instrument for investigations 


this kind. 








CHAPTFR X 


Khecommendstions 


Tt i8s recommended that: 


1) This experiment be repeated for valiricus 


x 


A comparison between experimental and 


retios. 
2) 


+heoretical work be made with these various ratios. 


3) The effect of turbulence promoters placed 


in the annulus of the outer pipe be investigated. 
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Total tlow of the mixture past each traverse wa 3 
checked py 8 comparisy of tne Piow in an orifice in the 
3 tnch oitpe (see Figure 7) with @ point by point mass flow 
integration at the "raverse in question. 
The Plow intesration for thrce ropresentative traverses, 
"p . °C", and "F" ave shown in Figure "3', anid a 
eeleuletion for flow through tre orifice ts shown 
Sample Calculation Shect whitch follows. 
The flow ae calculeted by the icw integration acroBs 
the + agen | eguetion (4), is: 
Hole "A" 0.295 lbs./ sec. 
ete es 6050908 (bb. / Mee. 


roe C=C ss GeO dbs ./ Sec. 


The Flow es calculated by orifice meter, equation (ee 


W,= 0.302 lbe./ sec. 


The maximum variation between oviftce and integration 
tg legs then 2.5%, and the meximum yerlation between mass 
Flow integration across comparable traverses HB 1a Se 

The hydrogen mess flow pest each traverse was checked 
by & comparison of the point hydrogen mass flow integretion, 


equation (5), with the hydrogen flow lssuing from tre 1’ 


pipe ag measured by the mass retio of nydrogen to air in 
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the. 1' pipe and the mess {low of a’r throug the orifice 










in the L° pipe (equaect uns € snd Dy) ae 





The flow #58 caleulsts@ by the Integration €7ress 


the traverses, equation (5), ‘s: 


Hole A ie x clo 10w./ Bec. 
- _.-3 
Hole PB 337 & ic - ibs ./ Sec. 









1672 Yoe./ SB. 





Ag caliculated by equations ¢ and 3 the fiow 18: 


4 ee 3 
PERAGOS 7 10 - lbs ./ Bic. 
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The mexisaum vear.ation between or! fice meesv.renents 








and intezrations is 24%, end the naximu. vi r'etion betwoen 







hydrogen flow integretions across ccmparable treverses 








# 


le $.5%, 





This large variettion in flow rates cult 


S 


the fojlowing causes: 


&.) When the orifice was broken down ‘t wes Found 







that large amounts cf sedinent had collected fn thee 





thereby efrecteuwaly ieducing the 4pee., 


o 





tL.) The essumptton that the hydrogen density acros 
ra 









tke one imei: Po pMeti tng exit wes Unticrm sy uc 


The fact tne: the hsdregen flow ecross trever 








holes ‘fA and B” chechbed closely with céecl. cufere 





did for cther hcles on which data was checked, inGicst 


that the hrdrogen mcasiur-ns dcdevic# used was cons mte 








probably correct within the Limits expected. 
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SAMPLE CALCULATION 
7 


2 


See ot or. tice tn 1" pipe (in.*) : 









area of orifice in 3” plpe (in.*) 

constant (Reference 4) 

pressure before orifice in 1° pipe (lbs./ tn.*) 
pressure differential across orifice in 3' pipe (los./ 
density of fluid mixture at orifice in 3’ pipe (lbs./ft-) 


density of _fluid’mixture at any point in traverse 
(lba./ ft. 









radius to any point in 3" pipe (inches) 


absolute temperature of sir et orifice in 1° pipe 
(OF abs) 


velocity of fluid mixture at any point in traverse 
(ft./sec.) 





W total air flow threugh orifice in 1” pipe (lbs./ sec.) 







W total mass flow at orifice in 3" pipe (ibvs./ sec.) 













Wy total hydrogem flow at. 5 treverse (ibe./ s'ec., 


; 


Fe | 


W total hydrogen fice et outlet of 9) Gomes (ie sec.) i 


Wp total mass flow at traverse (1b8./ sec.) 





x més ratio of hydremer tc aip @t any point in <raveneee 


X, mass ratio of hydrogen to air at cutlet of 1 pipe 
Y constant (reference 4) 
W3 = 0.668 Az KYVAFp (Reference 4) (ia 


0.53 A, Py (Fleigner's Equation). (2) 


———aae 














Tower: rlow . Z 


665 @e 3.57 x .f *& .9? V 48 x .070 =0.302 1ts/sec. 


7 (PK 
umf Py Vi a (RE) = 0.295 lb./sec. (Figure ‘a ) 
O 


3 1.023 (2.3 % discrepancy) 


—, 
cd 


W 


Wn 


Hole ‘A’ Hvdregen Flow 
W. = 0.53 x .0285 x 90.2 _ .0566 lbs./ sec. 


, = 
V 580 


= 00723 x .0565= .000408 lbs./ sec. 


OC Oo 20 lbs ./ sec. (Figure "b") . 
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£PRPENDTY B 


DATA SHEET I 


CALIBRATION BUNS 





Data Sheets and Sampl> Caiculaciouns 


Run 1 Run 2 
Zero % Ho R QAR R AR 
1016.85 50 122960 21245 1229. 219.45 
Molo. 4 2 150.3 133 .86 1150.3 133.8! 
1016.03 12.5 1092.25 76.22 1092.65 Togae 
1015.62 5.25 167.0 1 3c 1056.65 ee 
1015.2 oo, eae 1037.25 22.05 1037.63 21,85 
emia . 4 14567 1027 133 ees 1027.25 10.85 
Momo.34 Rican 1022225 5.91 102R a5 5.51 
On. 2 .3905 hee we 2.92 L019 # Dee 
1016.22 195? 1017.6 esi 1014.9 ] 
POC.) $0970 1016.85 ,68 1016.45 
ie Mowe |. |. £04623 1016.55 yk 1016.40 
1015.05 0244 1016.55 
Run 3 Run + 
Zero b Ho a AR R OR 
son Towne ae S\S ne siewe 166. 1182.35 165.75 
Toro. 30 yale Til4.05 OT .7 a. 2 G7 .85 
1016.12 ms 1070 .55 54 43 1969 .9 53.78 
1015.88 df lee 1Lo44 4 28.52 1044.25 28n387 
1015.55 2.063 1030.5 th 85 pels Oa 14.85 
1015.73 eos. 1023 45 7.72 16a 32-05 7.52 
1015.31 5°l 1019.85 4 04 1089.85 04 
1015.90 200 1017.85 1.95 tet? . 75 1.85 
1015.98 as) 1016.8 foe 1016.8 ae 
1016 OF 065 1016.45 38 1016.5 4k 


DATA SHEET II 





Distance of Needle Tip of each hole from junction 01 


two streams. 


Hole Distance (inches) Hole Distance 
A ORS G 21.42 
B 2,86 H 27.42 
C 5.86 J 39 42 
D 8.86 K 51.42 
E 1e .Co L 61.42 
F 15.08 
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Cc se 
a. p Pls 


OV LOULA TIO. 


Hole C, Traversé Roeding 1.5 incneés. 


To lana velocity ine 


ita 


)x(S Hj) + (29)x(Sair) 


If 


(2)x(@2337) + (29)x(90.674) 
26,45 


{) 


Z xia x (Rw) 
max 
(14.6)e(144) g(eG.45) 
1545) x( 542 
= 0.06@1 1lb/ft~ 


[Cee Tx(62.4) 
V = 2) a 


Coc Rega ng, 
pale, J 


18.25) Oat = 18.25_] 2222 


O.O0G6L 
LG? ft/sec. 


MI 





th 
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HOLF C 
Beto = 1017.75 Hee. &ac.9€: © 282s Roam 3”: 2.11; 
p (static) in 3 = .2PL. 
; Ve V5 
Traverse hi we He Fitot Vv Cyag.) V7) =e 
2.9 TOR . us 15°  ~ aaa (e338 0 O 
eae} Toner 35 q) L115 aes 6, O 
2.7 LO 1 7es5 QO 1.15 72.8 O O 
ee 1017.35 0 ae 72 2 O O 
9.5 Ghiy 235 @ 1.15 7246 O @ 
2.4 Has} O 1.15 2,8 GO O 
a 1022 4 ye 1.P 744 .0558 01607 
2.2 1025.2 1.075 1.25 75.0 .1155 .0 354 
pal lO3se? ") -eee> 6 | 6CFS 37.0 ‘33 148 
<.0 tOu=.6 0 4k ore) Oe 100. 4en Rese 
ee 1035.45 5295 a7 115 ners ae 
Lae io (So 3.65 13a. Ri ere ,539 
pe LOG: 7 (Pe 1.7 lige. seo Role: 
t.6 1074 85 eae 5.25 162 jet> 238 
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vis ORR.  O.. RE $2 161.45 £939 moe 
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! Lee g 9 we 13a 132 c 
a 10544 .0 5.5 e .7 oe 59 
Js 1045.25 4.05 - Fe 100. =. 
8 1035.3 2.57 ie Ve. 269 
i 1O28 3° Rei ae Te 0985 
26 ep Wane 0% 1,2 Tu ht O 
As 1017.4 O 1.15 72.9 0 
a De hat O 1.15 TD O 
2 1017.4 C 1.15 72,8 0 
vs 1017.4 U 1.15 ZO 8 0 
is 1017 .4 GO v5 Ames 0 
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Zero 21016.7: 
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HOLE F 
Bar, = 30-1. 
p (static) in 3" 
% Ho Pitot 
9 .03 85 
4 275 1.0 
8 S67 aS 
9 83 Lao 
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8 Pe a4 i fo 
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7 4 6 2 88 
2 4s 2.80 
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DATA SHEET 1X 
Hoke G 


mero = 1017.35: Bem™ = 20.97: D-9ls Be ins #& dll: 
) Dwt@sethe) In 3° =.215. 





| V - Vo 
Treverse R % Ho Pitot Vv ory Vi} - V2 
2.9 1018.0 085 685 63.0 ,Oekk O 
2 2 e709 .> 225 1.25 mG . 1. 059 £055 
2.7 1029.7 1a 1.50 83.8 AOS ,254 
Bish lea .0 1.91 1.60 87.5 255 235 
2.5 1028 .4 1.53 1.80 oh aas ee) 46 
2.4 leee. 2 OMe NE 2.20 1G>.. 0 Valk an 
2s 1034.5 2 4o 2,25 103. ms 755 
2.2 1034 .4 eye 2.25 103. alg 755 
ee 1039.4 3.13 2.25 G3 4 93 Asis 
DFO) 1631 .6 Pn 2.30 ne ae Ps .79 
1.9 739 . 4 3.13 2.50 109.0 93 On) 
1.8 7041.4 3.45 ees 111.5 995 O75 
Lae 1039.2 oa 2225 103.4 Roe 765 
aes 1039.5 3.15 2.75 115.0 Peal 
1.¢ 1041.5 3.48 2.55 mo.5 F, Bl 
1.4 1039.8 352 2.65 112.5 92 iz 
1.3 1039.8 ee O45 108.0 ioe 885 
1.2 1038.6 3216 245 108.0 91 885 
1.1 1035.0 Poe 2425 ile 75 755 
re 1034. eee ois as 14,2 S675 Te 
me) 1035.7 2.58 2.15 10232 74 [2 
us 1034.2 2736 220 97.2 68 .6 
rf 1032 .4 cme acs 90.6 .60 43 
26 io 30, 4 1 ee 46 87.5 52 235 
5 1024 .4 95 Lae 90.6 PT a6 
4 1024 , 3 mer! 1.4 81.0 es .18 
ie. 102% .6 98 ee 81.0 ,28 168 
2 1O20 <2 eid 1.2 TH 65 4. Oe 
re 1019.5 , 29 Lee aa. © Ga 013 ; 
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DATA SHEET X 
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Mero 21018; Bar. =30,08: TaeSCs"wp in 3° 
» (atic) in 3°8 .2.". 





Traverse ie '% Ho Pitot eS 
2.9 1022 .8 625 aD 58.8 
es: 1021.8 .50 1.05 69.5 
aa 1027 .6 15 12 75.0 
26 1026. Leal 1.2 ae 
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2 3 Mos 1. 3 1.86 es 78.4 
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